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Abstract: Microtubules present in the epidermis of Ornithogalum umbellatum ovary in the area of lipotubuloids (i.e. aggregates
of lipid bodies surrounded by microtubules) are 25-51 nm in diameter. They consist mainly of 10 and 11, sometimes 9 and 12
protofilaments. An average diameter of microtubule consisting of 9 subunits is about 32 nm, of 10 - 35 nm, of 11 - 38 nm and
of 12 - 43 nm, however, individual microtubules in each category significantly vary in size. These differences result from
varying distance between protofilaments in microtubule walls and diameters of protofilaments: in thin microtubules they are
densely packed and smaller while in thicker ones they are loosely arranged and bigger. A hypothesis has been put forward that
changes in microtubule diameter depend on structural changes associated with their functional status and are executed by
modifications of protofilament arrangement density and their diameters in microtubule wall. The above hypothesis seems to be in
agreement with the opinion formed on the basis of in vitro image of microtubules, that lateral contact between tubulin subunits in
neighboring protofilaments indicates some flexibility and changeability during microtubule function. (www.cm-uj.krakow.pl/FHC)
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 Introduction
Microtubule walls consist of two types of tubulin: α and
β  joined into dimers and arranged into vertical proto-
filaments. Adjacent dimmers at the same time form a
spiral.
Plant cell microtubules described by Ledbetter and
Porter [20] who used a negative staining technique con-
sisted of 13 subunits visible in a cross-section. Tilney et
al. [31] fixing the material with glutaraldehyde sup-
plemented with tannic acid obtained very convincing
pictures which seemed to indicate that different types of
animal microtubules also consisted of 13 subunits. The
same number of subunits was revealed in plant microtu-
bules fixed in vivo [9] and in those polymerized in vitro
[10]. 13 subunits is the number usually accepted as
characteristic of microtubules [2], however, some vari-
ations were observed. Burton et al. [3] noted that wider
than average microtubules (30 nm in diameter) in cray-
fish sperm contained 15 subunits and only a few 14 or
16. However, in crayfish nerve cord 12 subunits were
found. Also in cockroach Blatella germanica, a domi-
nating population of thick microtubules (40 nm in
diameter) consisted of 15 protofilaments, while a few
smaller ones (18 nm in diameter) of 13 protofilaments
[24]. Variations in the microtubule protofilament num-
ber were also observed in Caenorhabditis elegans de-
pending on microtubule localization. In the nervous
tissue of this nematode there were usually microtubules
24 nm in diameter consisting of 11, sometimes 12 proto-
filaments, while in the receptors of sensory neurons
microtubules 30 nm in diameter consisted of 15 proto-
filaments [4]. Microtubules polymerized from C. ele-
gans extract contained 9, 10 or 11 protofilaments while
in the ox the majority of microtubules obtained by the
same method consisted of 13 protofilaments [1]. Micro-
tubules polymerized in vitro from Xenopus egg extract
mainly contained 14 protofilaments [5], moreover, the
authors found out that the same microtubule may consist
of a various number of subunits in different places.
The main aim of the present studies was to investigate
whether various diameters of microtubules described in
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Ornithogalum umbellatum ovary epidermis [17] were
correlated with different numbers of protofilaments or
depended on the structural changes of microtubules. In
order to reveal the microtubules, epidermal cells were
fixed in glutaraldehyde + OsO4 with addition of tannic
acid. These microtubules are built of typical tubulin
binding to anti-βtubulin  antibodies (Kwiatkowska, un-
publ.). They are more stable than most microtubules, as
they can be fixed in buffered OsO4 [16, 17], similarly as
nerve cell microtubules [30]. Fixation in OsO4 or in the
mixture of OsO4 and glutaraldehyde due to quick pene-
tration of the fixative allows "freezing" of cell structures
in the state as it is in a living cell [27].
Materials and methods
Ovary epidermis of fully developed O. umbellatum flowers was used
as the material. The sections of epidermis were untreated or treated
for 30 min with 8% tannic acid in cacodylate buffer (pH 7.4), fixed
in a freshly prepared 1:1 mixture of 1% OsO4 and 2.5% glutaralde-
hyde in 0.1 M cacodylate buffer (pH 7.4) for 1 h and postfixed in 1%
OsO4 in the same buffer at 4°C. The material was dehydrated in an
alcohol series and embedded in Spurr-Kit and Epon-Kit (Polyscien-
ces) mixture. Ultrathin sections were contrasted by the method of
Reynolds [28].
Microtubule diameters and protofilament numbers in cross-sec-
tions were measured on micrographs at × 110 000 magnification with
the aid of magnifying glass and microscopic micrometer (exact to
0.1 mm = 1.7 nm). Protofilament diameters and distances between
them were measured on micrographs at × 450 000 magnification also
with a micrometer.
Results 
O. umbellatum microtubules, observed in this study, are
part of specific structures - lipotubuloids (in the past
referred to as elaioplasts) - cytoplasm domains rich in
lipid bodies and microtubules [17, 19]. Lipotubuloids
also contain abundance of ribosomes and endoplasmic
reticulum and single dictyosomes, mitochondria, micro-
bodies and autolytic vacuoles [see also 16 , 17, 18]. They
do not have their own membrane. On the large area they
are surrounded by a tonoplast as they invaginate into
vacuoles. The lipotubuloids move as one body because
microtubules surrounding the adjacent lipid bodies sta-
bilize their position running in different directions (Fig. 1).
Lipotubuloids move forwards in a complex progressive
and rotary way with varying speed and direction of
rotations.
The lipid bodies and microtubules are very difficult
to fix simultaneously. All techniques recommended for
visualization of microtubule subunits destroy lipotubu-
loids. Moreover, the arrangement of microtubules in a
lipotubuloid is not perfectly ordered as they are not
completely straight and parallel to each other (Fig. 1)
and because of that if some microtubule subunits are
clearly seen, the others are not discernible. In spite of
these difficulties it was possible to define an approxi-
mate number of protofilaments and diameter of micro-
tubules.
The analysis of microtubule cross-sections showed
that in O. umbellatum they were mainly composed of 10
or 11 protofilaments (56% and 34.4% respectively).
Only 9% consisted of 12 and 1.6% of 9 subunits.
The average diameter of microtubules varied with the
number of subunits. Microtubules containing 9 subunits
were about 32 nm in diameter, 10 - 35 nm, 11 - 38 nm,
12 - 43 nm. However, diameters of individual microtu-
bules varied considerably in every category of microtu-
bules (Figs. 2 and 3). These data suggest that
microtubules consisting of 10 and 11 protofilaments fall
into two categories: thinner and more numerous -
diameter 25-39 nm and thicker and less numerous -
diameter 41-51 nm.
Pictures of microtubules consisting on average of 12
subunits and with extremely different diameters (Fig.
2a-c) show varying density of protofilament arrange-
ment. Since due to material characteristics not the whole
microtubule periphery is well seen in pictures, 4 best
discernible subunits forming 1/3 of the periphery were
chosen and measured while the remaining subunits were
supplemented according to the model (Fig. 2 a-c). The
analysis of the cross-sections and drawings indicates
that together with changes in the distance between the
particular protofilaments in a microtubule wall, the
diameter of these subunits also varies. They are thicker
(mean 5.65±0.57 nm) in microtubules with the biggest
diameter than in those with smaller diameter (mean
4.32±0.68 nm) and the smallest diameter (mean
3.56±0.82 nm) as the same number of protofilaments is
loosely or densely arranged, respectively (Fig. 2a-c).
The distance between the particular protofilaments is
5.15±1.3 nm in microtubules with the biggest diameters,
2.42±0.8 nm in middle-sized microtubules and 1.9±0.8
nm in the smallest ones. Differences in diameters of
protofilaments and distances between them in the par-
ticular types of microtubules are statistically significant
except interprotofilament distance between middle-
sized and smallest microtubules (Students t-test;
p=0.05).
The above data indicate that microtubule diameter
varies not only because they consist of a different num-
ber of protofilaments but also due to diverse diameters
of protofilaments and density of their arrangement in
microtubule wall.
Discussion
Cross-section measurements of diameters of microtu-
bules show that in O. umbellatum ovary epidermis two
microtubule populations - thinner and more numerous
and thicker and less numerous - are present. This is in
agreement with the earlier measurements of widths of
longitudinally oriented microtubules from the same ma-
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Figs 2. O. umbellatum lipotubuloid microtubules
treated with 8% tannic acid before fixation, varying
in diameter and consisting of 12 protofilaments. Bar
= 14.3 nm. 2 a,b,c  drawings of microtubules from
a,b,c micrographs based on measurements of 4 ad-
jacent subunits and distances between them (black
area).
Fig. 1. Lipotubuloid fragment from O. umbellatum ovary epidermis not treated with tannic acid. lb - lipid bodies , mt - microtubules; arrows
- mt of different diameter. Bar = 0.2 µm.
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terial fixed only in buffered OsO4 (cf. Fig. 12a in [17]).
However, the diameters of the microtubules presented
in this study are larger which might be due to a different
fixation method. In cells fixed only in OsO4, microtu-
bules are usually smaller in diameter than those fixed in
glutaraldehyde and OsO4 [16, 17]. The increase in
microtubule diameters is also caused by tannic acid [8].
Experiments with the use of 2,4-dinitrophenol (DNP)
inhibiting ATP synthesis combined with recording cell
movement in O. umbellatum stipule epidermis suggest
that a rotary movement of lipotubuloids is generated by
a motor drive present in these structures, as the periph-
eral speed of the rotating lipotubuloids is 6.2 times faster
than the maximum speed of the cytoplasmic motion and
DNP stops cyclosis earlier than the rotary motion of the
lipotubuloid [17].
Combination of movement recording and electron
microscopy revealed that the more dynamic was lipotu-
buloid movement (e.g. in stipule epidermis), the larger
was the population of thicker microtubules and the less
dynamic movement (e.g. in ovary epidermis) the smaller
was the population of such microtubules (cf. Fig. 12a,b
in [17]). DNP-induced inhibition of a dynamic move-
ment of lipotubuloids in stipule epidermis resulted in
appearance of one population of microtubules inter-
mediate in size (cf. Fig. 12c in [17]). Removal of DNP
restored dynamic movement of lipotubuloids and diver-
sification of microtubule size into two populations (cf.
Fig. 12d in [17]).
The above data indicate that microtubule diameters
change significantly according to the functional state of
the lipotubuloid which supports a hypothesis that their
structural transformation may generate lipotubuloid rot-
ary movements.
In the literature there is usually a direct relation
between microtubule diameter and the number of proto-
filaments: in thicker microtubules the numbers of proto-
filaments forming their walls are higher than in thinner
microtubules. Moor [23] suggested that microtubule
diameter depended on the number of subunits per one
coil of a spiral observed in a microtubule and could be
21, 22.4 and 25 nm. He assumed that one type of micro-
tubules could change into another one by reorganization
of subunits so that thicker and shorter or thinner and
longer microtubules could be formed from the same
number of subunits. Other authors believed that forma-
tion of thick microtubules, 35 nm in diameter, resulted
from disappearance of typical ones (25 nm) caused by
an increased osmotic pressure [13].
It seems very unlikely that DNP-induced changes in
microtubule diameter observed in O. umbellatum were
caused by changes in the number of protofilaments
forming microtubule walls. We believe that density of
their arrangement and diameter of protofilaments in the
walls of microtubules is a more probable reason for
different microtubule diameters in different functional
states of lipotubuloids. Microtubules with extremely
large and small diameter were also observed close to
each other in lipotubuloids of cells (Fig. 1, arrows and
Figs 9 and 11 in [17]). The above hypothesis formed on
the basis of the pictures of in vivo fixed cells seems to
be in agreement with the opinion of Chrétien et al. [6]
that microtubules assembled in vitro indicate some flex-
ibility of the inter-protofilament bonds in cryo-electron
microscopic image: they are capable of changes in the
range from -0.05 nm to +0.09 nm of the lateral interac-
tions between tubulin subunits in adjacent protofila-
mants. This corresponds with observations using high
resolution techniques in vitro revealing that lateral con-
Fig. 3. Populations of microtubules with different diameters com-
posed of 9, 10, 11 and 12 protofilaments, based on measurements of
126 microtubules.
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tacts through M loop and H3 helix seem to cause flexi-
bility in the interprotofilament contacts that must be
capable of accommodating different angles between
adjacent protofilaments [25, 26, 33]. Other authors also
believe that there are strong arguments in favor of micro-
tubules being inhomogeneous and anisotropic, as well
as composed of subunits that are more strongly bound
in the longitudinal direction (within protofilaments) than
laterally (between protofilaments) [12, 29, 15, 32].
Meurer-Grob et al. [22] conclude that lateral contact
between tubulin subunits in neighboring protofilaments
has a decisive role for microtubule stability, rigidity and
architecture. However, experiments using high resolu-
tion technique revealed the structural changes in micro-
tubules during their functioning. In vitro interaction
between kinesin and tubulin shows that microtubule
structure changes during this process: α tubulin subunits
in protofilaments come closer to each other [14].
Besides, non-claret disjunctional (ncd), a kinesin-like
motor tail fragment induces formation of large protofila-
ment sheets, suggesting a tail-induced modification of
lateral protofilament contacts [34].
Recent studies indicate that microtubules contribute
to the generation of different kinds of movements, not
only employing dynein and kinesin but also cooperating
with actin-myosin system [7, 11, 21]. That is why it
seems important that O. umbellatum lipotubuloid micro-
tubules are connected with microfilaments lying parallel
to their surface. These microfilaments probably are actin
filaments, as the rotary motion of lipotubuloids is sensi-
tive to cytochalasin B [19].
Lipotubuloids are the site of a very intense incorpor-
ation of 3H-palmitic acid and after 15 h postincubation
with isotope-free medium a migration of the labeled
substance from lipotubuloids to the whole cells occurs
[18]. It seems that progressive-rotary motion of lipotu-
buloids greatly facilitates both the entry of components
necessary for lipid synthesis and the release of substan-
ces which are later distributed inside the cell.
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